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Light particle emissions in ' C+ Ni at E(' C)=35—70 MeV
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Light particle emissions in the energy region slightly above the Coulomb barrier were studied.
Energy spectra and angular distributions of p, d, t, He, and a particles from the ' C+ Ni reac-
tion were measured for the eight different incident energies below 70 MeV. The absolute cross
sections and the contour plots of the Galilean-invariant cross sections d 0/pd QdE are presented.
The experimental proton energy spectra for E(' C) )50 MeV have been well reproduced by the
moving source model. This model includes two sources: a slow source moving at the velocity of
the center of mass of the collision system, and a fast source moving at a velocity of about a half of
the projectile velocity. The extracted source velocity and temperature parameters for the fast
source were found to follow the previous systematic trend. The nonequilibrium components of
some composite particles (d, He, a), obtained by subtracting the relative equilibrium component
from every measured spectrum, were accounted in terms of a generalized coalescence model.

I. INTRODUCTIGN

Since the famous experiment was done by Britt and
Quinton, light particle emission in heavy-ion induced
nuclear reactions has been extensively studied. With the
earlier experimental results, ' it has been confirmed
that all light particle products may be divided into two
parts: an equilibrium component evaporated statistically
from the compound nuclei and a nonequilibrium com-
ponent emitted from some fast nonequilibrium collision
processes. In order to acquire new data and to explore
the details of the reaction processes, many inclusive mea-
surements, as well as various correlation experi-
ments, ' were designed and completed. These studies
showed that nonequilibrium emissions of light particles
may occur at every stage prior to the attainment of full
statistical equilibrium, such as quasielastic, 3 "35 deep-
inelastic, ' ' ' incomplete fusion, ' ' ' ' ' pre-
equilibrium decay, ' ' or sequential decay, ' etc. A
series of theoretical models has been developed, such as
hot spot, moving source, coalescence, * exci-
ton, ' breakup, ' and the sum rule model, etc.

Up to now there have been only a few satisfactory ex-
perimental results ' of light particle emissions at the
low incident energy region near the Coulomb barrier ex-
cept for a particles. '

The cross sections of nonequilibrium components have
been found to increase rapidly with projectile energy
above the Coulomb barrier, especially for a-particle
emission. This implies that the reaction threshold ener-

gy of some nonequilibrium processes would be very low.
So it seems to be predictable that there is a region of low
bombarding energy in which the light particle emission
mechanisms might be sensitive to both the projectile en-

ergy and the kind of the emitted light particle. There-
fore, it is valuable to study the emission behavior of light
particles in this region of incident energies.

The aim of this work is to provide a comprehensive
set of data on light charged particle emissions in the in-

cident energies of 0.5-3 MeV per nucleon above the
Coulomb barrier and to study how the emission mecha-
nisms change and evolve with both the projectile energy
and the kind of the outgoing particle. It would be in-
teresting to examine if some successful models for higher
incident energies are still appropriate at such low ener-
gies that have not been tested by other authors.
We chose the moving source model and the coalescence
model for this purpose.

II. EXPERIMENT

The experiment was performed at the 1.5 m Cyclotron
of the Institute of Modern Physics, Lanzhou, China. ' C
ion beams at eight different energies —69, 64, 56, 52.5,
49.5, 47. 38.6, and 35.8 MeV —were used.

The target was a 1.2 mg/cm Ni isotope foil which
was enriched to about 95%%uo. Because a slight light-
element contamination on the target will lead to an ap-
pendant cross section that should not be neglected, we
paid much attention to preventing target contamination.
The target was rolled up and stored carefully in an an-
tiseptic vessel. In order to avoid target contamination-
from oil vapor during the measurement, an oil-free
sputter ion pump system was used and a satisfactory
vacuum 5 X 10 mm Hg was achieved. Moreover,
several LNz refrigerating plates were set on the beam
collimator or near the target. The whole target chamber
system was separated from the accelerator vacuum sys-
tern by using an Al foil in front of the collimator.

A counter telescope system consisting of three detec-
tors, ~El, EE2, and E, was used. The LE1 and AE2
were penetrab1e detectors of Au-Si surface-barrier type;
their thicknesses are 38 and 94 pm, respectively. The re-
sidual energy E detector was a Si(Li} type with a sensi-
tive thickness of about 3 mm. The solid angle of the
telescope was 0.54 msr. Clear identi6cation for the 6ve
lightest ejectiles p, d, t, He, and a particles was real-
ized. Three energy signals from the three detectors were
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recorded on a tape event by event. In an ofF-line analysis
the energy spectra of various light particle products
were derived from the data recorded on the tape. The
recoil proton peaks formed by ' C ion beams on a mylar
foil (with a thin carbon backing) were used as the cali-
bration standard for proton spectra.

The a particles emitted at the incident energies below
40 MeV and at backward angles for other energies were
detected by a hE —E semiconductor detector telescope
comprising a 14 p,m hE detector and an 800 pm E
detector.

The beam intensity was monitored by a Faraday cup.
Integrated currents were used to normalize the data to
obtain absolute cross sections. The experimental errors
of differential cross sections are about 15% for p and a,
and 35%%uo for d, t, and He.

III. EXPERIMENTAL RESULTS

A. Energy spectra

Some energy spectra obtained at OL
——15' and 25 for

proton and a particle are shown in Fig. 1. They belong
to six diferent beam energies from 69 to 47 MeV, re-
spectively. These spectra have been transferred into the
center-of-mass frame in order to make a comparison of
the main characteristic between the two important prod-
ucts.

The 6rst difFerence that can be seen in Fig. 1 is that
the varying of the a-particle's double difFerential cross
section with the observation angle is more obvious than
the proton s, especially as the incident energy is in-
creased. The second di6'erence is that the most probable
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FIG. 1. Center-of-mass frame energy spectra of protons and a particles in forward angles. The corresponding ' C beam energy
of every set of the data are indicated in the figure.
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energies (MPE) for proton spectra are not sensitive to ei-
ther the incident beam energy or the observation angle.
All of the proton MPE are within E~=6.5+0.7 MeV,
but the MPE of the a-particle spectra clearly depend on
both the projectile energy and observation angle. When
reducing the incident beam energy from 69 to 35.8 MeV,
the MPE of a particle spectra at forward angles appear
to vary from 16.8 to 11 MeV, in other words, from
about beam velocity energy down to the Coulomb bar-
rier for a exit channel. At backward angles the MPE of
a-particle spectra are slightly above the Coulomb barrier
for all eight beam energies.

The proton energy spectra are more asymmetrical
than a-particle ones. For example, for 69 MeV incident
energy, the energetic tail of the proton spectra in the lab
frame may extend to 4 times the beam velocity energy at
forward angles. But the energy spectra of the a particle
only may extend to about 2.5 times the beam velocity
energy at the same incident beam energy.

B. Angular distributions

The angular distributions of p, d, t, He, and a parti-
cles in the center of mass frame obtained at 69 and 56
MeV are shown in Fig. 2. The values of difFerential

cross sections are obtained by integrating the whole en-

ergy spectrum for every 0, angle, respectively. All of
these angular distributions are forward peaked with an
increasing slope monotonically depending on the mass of
the outgoing light particles. The proton angular distri-
butions are rather smooth and the a's are very steep. In
comparing the proton angular distributions with the +-
particle ones, it can be found that the differential cross
sections are much lower for the proton than that for the
a particle at forward angles, but at backward angles the
matter turns to the opposite. It implies a much larger
equilibrium evaporation cross section for the proton
than for the a particle, and this fact is continued until
the last 35.8 MeV incident energy.

When decreasing the projectile energy, the slopes of
all angular distributions tend to decrease gradually. The
proton angular distributions for below 50 MeV appear to
be typically isotropic in which no structure may be seen.
Ho~ever, the varying of the a-particle angular distribu-
tions are more complex as seen in Fig. 3. When the
beam energies are reduced to 38.6 and 35.8 MeV, the an-
gular distributions appear to peak at the angle approach-
ing the grazing angle. The 8&, in Fig. 3 corresponds to
the calculated grazing angles with the assumption of the
nuclear radius parameter r0 ——1.7 fm.
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FIG 2 The solid lines are the center-of-mass frame angular distributions obtained experimentally The dashed lines are the an-
gular distributions of the nonequilibrium proton emission calculated by the moving source model. The dotted and dashed lines
show the difFerence between the experimental and the calculated values.
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ponents for the a particles were obtained by a universal
method, ' ' ' ' in which the angular distribution of
the equilibrium component is assumed to be symmetrical
with respect to 8, =90'. For other composite particles
d, t, and He, the same method as for a's was used.
However, for the proton, besides the method as for a' s,
another method based on the moving source model cal-
culation was used for getting the cross sections of none-
quilibrium components. The details of this method are
described in Sec. IV. The values of o; and O„,„ob-
tained by the methods described above are listed in
Table I.

Average yield ratios between the different isotopes
Y~/Ye, Yp/Y„and Ya/Y3 are shown in Fig. 4 as a
function of projectile energy per nucleon above the
Coulomb barrier (E —V, )/A~. Here V, is calculated
according to

I
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FIG. 3. The center-of-mass frame angular distributions of a
particles for eight ' C beam energies.

C. Absolute cross sections and relative yields
of the different isotopes

Total inclusive cross sections were obtained by in-
tegrating the angular distribution of every product p, d,
t, He, and a particles for eight different incident ener-
gies, respectively.

We tried to divide the total reaction cross sections
into an equilibrium component 0; and a nonequilibri-
um component cr„,„. The cross sections of the two com-

where A~, A, and Z~, Z, are the mass numbers and
atomic numbers of the projectile and the target, respec-
tively, and re=1.44 fm. The ratios were calculated by
the integration of yields over the angle range of
15'&HL &35'. The part of the real yield below the in-
tegration threshold energies indicated in Fig. 4 have
been cutoff in summing the yields.

All of these ratios measured at such low projectile en-
ergies display some anomalous structures that are hard
to be understood.

In Fig. 4(a) a result obtained for 140 MeV '60 on
Au by Awes et al. ~ is also shown together with the

data of this work. Considering the fact that the value
was given over a larger angle range, it might be thought
to link up with the experimental points of this work al-
though it is from a different reaction.

TABLE I ~ Total inclusive cross sections (mb) of light-charged particle products from the reaction of ' C ion on Ni target (ab-
solute errors 15%%uo for p and a; 35% for d, t, and 'He).

E (12C)
MeV 1SO

Protons

non 1SO

Deuterons

non 1SO

Tritons

non 1SO

Helium-3

non 1SO

Alpha

non

69

56

52.5

49
47
38.6
35.8

808

634

509

424

374
330
276
201

130
(172)'

120
(145)'

104
(119)'

60
(78)'
40b
30"

33

18

15

4.5 1.4

13

4.5

11.3

4.4

397

338

234

182

145
123
58
34

360

318

248

199

166
112
52
38

'Calculated values using the moving source model (see text).
"Estimated values.



37 LIGHT PARTICLE EMISSIONS IN ' C+ Ni AT. . . 673

20-

MeV
MeV
text

, (c) d2 ~
d~dE ( 100)

10

0.,-
100

80-
60

40

20

Oo

1

o ) 5MeV
~ )].2MeV

—0.08 —0.04 :: 0.04

V, (c)
0.08 0.12 0. 16 0.20

d2 ~
dndEP

50

40-

30

20

10

0
0

~ )14MeV

I I

2 3

(E—Vc )/A, MeV

FIG. 4. The relative yield ratios of different H or He iso-
topes for the angle range 15'&8~ &35'. The 0 is given by
A~es et al. (Ref. 5) for the ' 0+ ' 'Au system for
0' & HL & 180'.

IV. ANALYSES
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FIG. 5. The contour plots of Galileo-invariant cross sec-

tions in velocity plane for E(' C)=69 MeV. V~~ and V& are
the parallel and perpendicular component of particle velocity,
respectively, in unit of the light velocity.

A. The contour plots of the Galileo-invariant cross section

In order to investigate whether the present data can
be described by an isotropic evaporation from a moving
thermal source, two typical contour plots of the
Galileo-invariant cross section d cr/pdQdE in the ve-
locity plane are shown in Fig. 5. They were made for
protons and a particles at 69 MeV ' C beam energy.

In the proton contour plot the contour lines in the
forward directions and those in the backward directions
can be regarded as two sets of concentric arcs. Their
common centers are located at v I /c =0.037 and
vI/c =0.018, respectively. Here c is the velocity of
light.

But the contour lines in the forward directions of the
a particle contour plot cannot be regarded as a set of
concentric arcs, because they do not have a common
center. The smaller the observation angle is, the larger
the curvature radius of the contour line. This implies
that there could be a "third component" from the break-
up of the ' C ion in the a product which is emitted to-
wards forward angles. The characters of contour lines at
the backward angles in both cases of proton and a parti-
cles are quite similar.

The result of the a particle presented here is different
from that given by Borcea et al." In Ref. 11 a similar
plot for the u product from the reaction 's'Ta+ 22Ne (8
MeV/nucleon) was shown and the curvature centers of
all contour lines at forward directions are almost exactly
at the same position V~L

——0.053'. This might have been
caused by the differences of the reaction systems.

B. Moving source model

In the moving source model, light particles are as-
sumed to be emitted isotropically from a source moving
with an intermediate velocity between projectile and tar-
get nucleus velocities. It has been demonstrated to be
valid for the beam energies above 7.5
MeV/nucleon. ' ' In this study its validity at even
lower energies was investigated.

The experimental proton energy spectra have been an-
alyzed by the moving source model. Two different forms
of the moving source model were used in our analysis.

In the single source form the expressions are as fol-
lows:

d cT
=%of(v„T„Ec), (2)

f (v„T„Ec)=(E ZEc)' expI [E ZEc+—E, 2E,'~ (E—Z—Ec)'~ c8o]s/ —
IT. —
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FIG. 6. The experimental proton energy spectra (dots) and
the calculated ones (solid line) by the single source form of the
moving source model.

FIG. 7. The same as in Fig. 8, but the calculated spectra are
obtained by the double source form.

d 0
d fl dE

=Ncn f ( ucn ~ Tcn'Ec, cn )

+N f (u&, T~,Ec~), (4)

where the subscript "cn" corresponds to the slow veloci-
ty source and "p" to the fast velocity source.

Where El ——I/2mu, is the kinetic energy of a particle
at rest in the moving frame, so v, is the so-called source
velocity. 1%0 is the overall normalization constant that
may be understood as a probability relating to the for-
mation and decay of the imaginary source. ZE~ is the
Coulomb energy of a light particle with charge Ze, T, is
the source temperature, and 8 is detection angle.

For the double source form we have

The experimental proton energy spectra are compared
with the calculated ones given by the single source form
in Fig. 6. It can be seen that the proton spectra at for-
ward angles are well reproduced by the single source
form calculation, but at backward angles the experimen-
tal values of double di8'erential cross sections are much
higher than the calculated values. The parameters ex-
tracted from fitting the single source form to the proton
energy spectra at four incident energies are listed in
Table II. For the 69 MeV incident energy the optimum
fitting source velocity v, is 0.0363c which is consistent
with the position of the center of proton contour lines at
forward angles in Fig. 5. It also corresponds to a ratio
of v, /vq ——0.45, here vb is the projectile velocity after
slowing down in the Coulomb field.

We have also made the fitting of the double source

TABLE II. The parameters extracted by fitting the moving source model of the single source form
to the proton spectra from ' C+ Ni reaction.

E("C) (MeV)

69
64
56
52

v, (c)'

0.0363
0.0345
0.0291
0.0265

T, (MeV)

2.4
2.3
2.2
2

E& (MeV)

5.6
5

5
5

N [mb/(MeV)'~ sr]

12.5
11.4
9.5
9

'The unit c is the velocity of light.
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TABLE III. The parameters extracted by fitting the moving source model of the double source form to the proton spectra of a
same set as in Table II.

E(' C) (MeV)
Center-of-mass velocity source
v,„(c) T,„(MeV) E&,„(MeV) N,„' vp (c)b

Faster velocity source
Tp (MeV) Ecp (MeV) Np'

69
64
56
52

0.018
0.017
0.016
0.0154

2
1.85
1.75
1.65

5.7
5

5

5

11
11
9.5
8

0.04
0.037
0.0317
0.0289

2.8
2.6
2.5
2.2

4.5
4.5
3.8
2.8

'The units of N,„and N~ are mb/[(MeV) ~ sr].
The unit c is the velocity of light.

form to the same set of proton spectra and the corre-
sponding results are given in Fig. 7 and Table III. It can
be seen that the double source form can improve the
reproduction for the spectra of the backward angles.

In Fig. 8 the extracted source velocities and source
temperatures corresponding to the fast source have been
included in the figure given by Awes et a/. In Fig. 8
the velocities and temperatures of the moving source ex-

tracted from various reaction systems appear to have an
almost linear dependence on the projectile velocity after
slowing down in the Coulomb field. It is obvious that
those parameter values presented by this study follow
well the systematic trend and can link up with earlier ex-
perimental points towards low energy direction.

In the moving source model, angular distributions can
also be calculated by an expression as follows:

d Cr ND 3/2 EI sin 8/T 2 2 2 —(x — )

d 0 2n.
(rrT) ~ e ' (I+2x )+ (I+2x )erf(x —y)+ (x+y)e1/2

where E, = —,'mv, x =(E, /T)'~ cos8, and Y= [(ET
Ec)/T]'~ —v, T, Ec. , and No are the moving source

model parameters that have been determined by fitting
the model to the proton spectra. ET is the low energy
threshold for integrating the energy spectra.

The calculated proton angular distributions that have
been transferred to the center of mass frame for the 69
and 56 MeV beam energies are shown by the dashed
curves in Fig. 2. They correspond to the contributions
from the faster source in the double source form. So the
relative parameters U~, T, Ez~, and N~ have been used,
and Ez ——6.5 MeV. The distributions of the differences
between the experimental differential cross sections of
protons and the calculated ones are also shown in Fig. 2.
These differences can be found to be typical isotropic
distributions. Thus we can divide the total experimental
cross section into an equilibrium component and a non-
equilibrium component by means of the moving source
model calculations. The cross sections of nonequilibri-
um proton emission obtained by integrating the calculat-
ed angular distributions are given in Table I together
with the values derived directly from the experimental
angular distributions.

The same fitting as for the protons was also done for a
particles; however it failed. We cannot find a set of pa-
rameters to reproduce simultaneously the a's spectra of
different angles. Therefore, the moving source model
might not be appropriate for the description of the emis-
sion process of a particles. The failure might be caused
by the existence of a "third" source relating to the
"third" component that has been discussed above.

0.08

0.06

0.04

0.02

0
1 2 3

5 (E —Vc ) /A) / (MeV)

FIG. 8. Incident energy and target dependence of the mov-
ing source temperature and velocity parameters given by Awes
et al. (Ref.. 5). For comparison the results obtained from this
work for ' C+ Ni are shown by open circles.
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C. Coalescence model

In the coalescence model ' ' the coalescence relation
is explained by the assumption that composite particles
are formed by the coalescence of free nucleons which
happen to occupy the same region of momentum
space. * The model is a pure phase space approach
and makes no assumption about the dynamics of the re-
action. It involves a single free parameter, the coales-
cence radius Pp, which is the radius of the sphere in
momentum space within which the coalescence occurs.

Recently, the coalescence relation had been demon-
strated to be valid for bombarding energies down to 10
MeV/nucleon. ' In this work the validity of the
coalescence model has been investigated for the incident
energies of about 5 MeV/nucleon. We used a general-
ized coalescence model ' which takes Coulomb repul-
sion from the target nucleus into account. The
difFerential multiplicity d M(Z, N, E)/dE&dQ of com-
posite particles consisting of Z protons and N = A —Z
neutrons with energy E is related to that for protons,
d M(1,0,E)/dE dQ, as follows:

d M(Z, N, Eq) N, +Np
dEgdQ Z, +Zq

4/3&(')

N!Z! [2mo(E Ec))'~2—

d M(l, O, E)
dE dQ

(6)

d M(ZNEg)
dEgd0

d a(Z, N, Eq )

cfp dEg d 0 (8)

where crp is usually approximated by the total reaction
cross section and crz is calculated by the expression

o'a ——n.[ro( A~ + A,'~ )] (1—V~/E, ), (9)

where E, is the center-of-mass frame kinetic energy of
the incident ion and Vz is the Coulomb barrier of the
entrance channel. Here let rp =1.5 fm.

At low incident energies, the evaporation cross section
from compound nuclei constitutes a large fraction of the
total cross section of light particle emission. As men-
tioned in Sec. III, the cross sections of equilibrium eva-
poration component for the proton are much larger than
those for the a particle. Therefore it might be expected

where E„=AE NEC and E—c is the Coulomb repulsion
per unit charge. N„N~ and Z„Z~ are the neutron and
proton numbers of target and projectile, respectively,
and mp is the nucleon rest mass. Here it is assumed that
the energy distributions of the coalescing protons and
neutrons have the correlation,

d2M(0 1 E) N, +Nz d M(1,0,E+Ec)
dEdQ Z, +Zp dEdQ (7)

although this assumption may not be completely valid.
The differential multiplicity is related to the correspond-
ing cross section as follows:

that fitting Eqs. (6)-(9) to the composite particle spectra
will come to a failure at low beam energies if we use
directly the measured proton spectra. In view of this
problem, Fukuda et al. ' used the proton spectra derived
from the measured deuteron particle energy spectra in
order to reduce the contribution from the equilibrium
emission. They achieved good agreement for t and a
particle spectra, but the value of Ec——3 MeV that was
used in their calculation is much lower than the reason-
able values of Ec——5-6 MeV. In this work we obtained
the proton spectra that will enter into the coalescence
calculation by means of a new method. We have proved
in Sec. IVB that the moving source model with two
sources provides a way to divide the light particle prod-
ucts into two components, an equilibrium and a non-
equilibrium. In terms of Eqs. (2) and (3), as well as the
parameters v~ Tp Np and Ec~, we obtained the expec-
tant proton spectra. The corresponding composite parti-
cle spectra were obtained by subtracting the contribu-
tions of equilibrium evaporation from each measured en-

ergy spectra, respectively.
Some comparisons of the experimental energy spectra

with the calculated spectra obtained in this way are
shown in Fig. 9. Here we used a value of Ec——6 MeV.
Extracted coalescence radii in momentum space are 190,
118, and 65 MeV/c for a, He, and d, respectively, at 69
MeV and 205 MeV/c for a at 56 MeV. Generally, the
agreement is quite successful, however it was found for
the a-particle spectra at the most forward angles that
there are some superfluous cross sections in the vicinity
of the beam velocity energy which cannot be interpreted
by the coalescence model calculation. It is also an evi-
dence of the existence of the so called "third com-
ponent" in the a product.

V. SUMMARY

We have studied the emission behavior of light-
charged particles p, d, t, He, and a in the ' C induced
reaction on Ni target at the incident energies of 0.5-3
MeV/nucleon above the Coulomb barrier.

The direct evidence of nonequilibrium emission of
protons in this energy region has beep obtained from the
analysis of the contour plot of the Galileo-invariant pro-
ton cross sections. The moving source model involving
two sources is found to be quite successful in reproduc-
ing the proton energy spectra at all angles. The extract-
ed velocity and temperature parameters relating to the
fast source follow the systematic trend given by Awes.
The source velocities of the fast source are about one-
half of the beam velocity after slowing down in the
Coulomb field. It was also demonstrated that the entire
proton product can be divided into an equilibrium com-
ponent and a nonequilibrium component in terms of the
double source model calculation.

The validity of the coalescence model in this energy
region was also studied. The energy spectra of the com-
posite particles a, d, and He after excluding the contri-
bution of equilibrium evaporation have beep reproduced
by the coalescence relation calculation. Here the proton
spectra were calculated by the moving source model ac-
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FIG. 9. The experimental composite particle spectra after excluding the contribution from equilibrium evaporation and the cal-
culated spectra by the coalescence model.

cording to the method described in Sec. IV C. We infer
that the coalescence relation may be valid only in the
preequilibrium emission process and it is still an ap-
propriate model for bombarding energy down to 2-3
MeV/nucleon above the Coulomb barrier.

The experimental results and model analyses indicate
that the threshold for nonequilibrium proton emission
corresponds to a projectile energy of about 1.5
MeV/nucleon above the Coulomb barrier. However for
a-particle emissions, the nonequilibrium component can
still be seen down to a projectile energy just above the
Coulomb barrier. The only nonequilibrium process for
proton emissions seems to be preequilibrium emission in
this energy region; however, the variations of the emis-
sion mechanism for a particles are quite complex. The
quasielastic massive transfer may occur from the in-
cident energy just above the Coulomb barrier. For an
energy of about l MeV/nucleon above the Coulomb bar-

rier, the preequilibrium emission and deep inelastic col-
lision transfer may be possible. When the incident beam
energy increases to the value of 2.5 MeV/nucleon above
the Coulomb barrier, the so called "third source" pro-
duced from the breakup of ' C projectiles might emerge.
Some evidence for the breakup process has been ob-
tained from the data analyses.
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